Structures of a recombinant Kunitz-type serine protease inhibitor from Bauhinia bauhinioides (BbKI) complexed with bovine trypsin were determined in two crystal forms. The crystal structure with the L55R mutant of BbKI was determined in space group P6 4 at 1.94 Å resolution and that with native BbKI in the monoclinic space group P2 1 at 3.95 Å resolution. The asymmetric unit of the latter crystals contained 44 independent complexes, thus representing one of the largest numbers of independent objects deposited in the Protein Data Bank. Additionally, the structure of the complex with native BbKI was determined at 2.0 Å resolution from P6 4 crystals isomorphous to those of the mutant. Since BbKI has previously been found to be a potent inhibitor of the trypsin-like plasma kallikrein, it was also tested against several tissue kallikreins. It was found that BbKI is a potent inhibitor of human tissue kallikrein 4 (KLK4) and the chymotrypsin-like human tissue kallikrein 7 (KLK7). Structures of BbKI complexed with the catalytic domain of human plasma kallikrein were modeled, as well as those with KLK4 and KLK7, and the structures were analyzed in order to identify the interactions that are responsible for inhibitory potency.
Structures of a recombinant Kunitz-type serine protease inhibitor from Bauhinia bauhinioides (BbKI) complexed with bovine trypsin were determined in two crystal forms. The crystal structure with the L55R mutant of BbKI was determined in space group P6 4 at 1.94 Å resolution and that with native BbKI in the monoclinic space group P2 1 at 3.95 Å resolution. The asymmetric unit of the latter crystals contained 44 independent complexes, thus representing one of the largest numbers of independent objects deposited in the Protein Data Bank. Additionally, the structure of the complex with native BbKI was determined at 2.0 Å resolution from P6 4 crystals isomorphous to those of the mutant. Since BbKI has previously been found to be a potent inhibitor of the trypsin-like plasma kallikrein, it was also tested against several tissue kallikreins. It was found that BbKI is a potent inhibitor of human tissue kallikrein 4 (KLK4) and the chymotrypsin-like human tissue kallikrein 7 (KLK7). Structures of BbKI complexed with the catalytic domain of human plasma kallikrein were modeled, as well as those with KLK4 and KLK7, and the structures were analyzed in order to identify the interactions that are responsible for inhibitory potency.
Introduction
The Kunitz family of plant protease inhibitors shares its -trefoil fold with a variety of proteins with different biological functions, including lectins, interleukins and fibroblast growth factors, as well as fragments of DNA-binding and actin cross-linking proteins (Renko et al., 2012) . The inhibitor family was named after the discoverer of the soybean trypsin inhibitor (STI), Moses Kunitz, who isolated and crystallized it (Kunitz, 1947) . The inhibitors of the Kunitz type are usually (but are not always) single-chain proteins containing 160-180 amino-acid residues, although they may also form domains of larger proteins. These inhibitors usually contain one or two disulfides, but some have no cysteine residues (Oliva et al., 2010; Oliva & Sampaio, 2008) . The structures of a number of Kunitz-type inhibitors have been determined to date (Renko et al., 2012) . The family members contain a very similar core with pseudo-threefold symmetry, whereas they differ quite significantly in the structure of the loops connecting the central -strands. The functional properties of these inhibitors are largely defined by the structures of their variable parts.
The inhibitory properties of the plant-derived Kunitz-type inhibitors have been studied very extensively. They have been determined for enzymes involved in digestive processes, such as trypsin and chymotrypsin; for a number of blood-clotting enzymes, such as plasma kallikrein, factor XIIa, factor Xa and thrombin; and for enzymes involved in inflammatory processes, such as elastase (Batista et al., 1996; Souza-Pinto et al., 1996; Oliva & Sampaio, 2008; Vadivel et al., 2014; Odei-Addo et al., 2014) .
BbKI is a Kunitz-type inhibitor that was originally isolated from the seeds of Bauhinia bauhinioides. This 18 kDa protein contains 165 amino acids with only one free cysteine and forms no disulfides. Originally designated as BbTI-II (Oliva et al., 1999) , it has been shown to be a potent inhibitor of trypsin, as well as of plasmin and human and porcine plasma kallikreins, with no detectable inhibition of thrombin or factor Xa (Oliva et al., 1999 (Oliva et al., , 2001 .
BbKI, or its recombinant form rBbKI (in the following both are referred to as BbKI), has become an attractive molecule for studying pathological models of the circulatory system, since this protein acts on enzymes involved in coagulation, fibrinolysis and inflammation. One of the targets of BbKI is human plasma kallikrein, an enzyme that participates in the processes of blood coagulation, platelet aggregation and muscle contraction (Botos & Wlodawer, 2007; Pampalakis & Sotiropoulou, 2007; Turk, 2006) . Indeed, BbKI was effective in inhibiting the viability of tumor cell lines (Nakahata et al., 2013) . Other important aspects of the inhibitor have been reported by Brito et al. (2014) , who found that BbKI may prolong the formation of blood clots in vitro and that it exhibits antithrombotic activity in in vivo models of venous and arterial thrombosis. To the best of our knowledge, BbKI is the only plant-derived inhibitor of both plasma and tissue kallikreins (Oliva et al., 2001 (Oliva et al., , 2010 . Different kallikreins have been implicated in a number of pathological processes, and interference with their activity by specific inhibitors is a promising new area of drug discovery (Sotiropoulou & Pampalakis, 2012; Prassas et al., 2015) . For example, kallikrein 7 (KLK7) is overexpressed in skin inflammation and atopic dermatitis, and its inhibition may prevent the penetration of skin by microorganisms and allergens (Murafuji et al., 2017) . KLK3 and KLK4 are upregulated in prostate cancer and both have been targeted for drug development (Mavridis et al., 2014; Cereda et al., 2015; Riley et al., 2016) . A detailed understanding of their mode of inhibition may help in such pursuits.
In this study, we evaluated the inhibitory properties of BbKI towards several kallikreins. We determined a highresolution crystal structure of BbKI complexed with bovine trypsin, which was subsequently used to build models of the inhibitor complexes with selected kallikreins. These models were analyzed in order to reveal the important interactions that might be responsible for the differences in the inhibitory potency of BbKI towards various kallikreins. Since the initially grown crystal form of the complex of BbKI with trypsin contained a very large number of molecules in the asymmetric unit, we prepared an L55R mutant of BbKI, changing a hydrophobic surface residue that was not expected to be involved in enzyme-inhibitor interactions to a hydrophilic residue. This mutant protein, which was expected to be less prone to aggregation, was used in some of the experiments that are discussed here.
Materials and methods

Preparation and purification of BbKI and its complex with bovine trypsin
The ORF for BbKI was cloned from the previously used construct for BbKI (Araú jo et al., 2005) with the primers (Operon) p300-BbKIf (5 0 -GAGAACCTGTACTTCCAGTC GGTCGTTGTCGACACCAATGG-3 0 ) and p301-BbKIr (5 0 -GGGGACCACTTTGTACAAGAAAGCTGGGTTATTACT CATCAGTTGCCTTCCTTATC-3 0 ) using KOD Hot Start DNA polymerase (Novagen). The product was gel-purified and used as a template for a second PCR with the primers PE277 (5 0 -GGGGACAAGTTTGTACAAAAAAGCAGGC TCGGAGAACCTGTACTTCCAG-3 0 ) and p301-BbKIr. This amplicon was inserted into pDONR201 using Gateway technology (Invitrogen) to generate the entry clone pZD226. The entry clone was then recombined with the destination vector pCB1426 to construct the His 6 -MBP-TEV-BbKI fusionprotein expression vector pZD228. To facilitate protein purification, the pZD228 plasmid was modified using the QuikChange site-directed mutagenesis kit with the primers p303 (5 0 -GAGAACCTGTACTTCCAGGGTGGCGGTGGC GGTGGCTCGGTCGTTGTCGACACCAATGG-3 0 ) and p305 (5 0 -CCATTGGTGTCGACAACGACCGAGCCACCGCCACC GCCACCCTGGAAGTACAGGTTCTC-3 0 ). This generated the construct His 6 -MBP-TEV-BbKI (pZD263) with six glycine residues inserted before the BbKI ORF. The plasmid was transformed into Escherichia coli Rosetta 2 (DE3) cells for expression. The cells were grown in Luria-Bertani medium supplemented with 25 mg ml À1 chloramphenicol (Invitrogen) at 37 C to an optical density OD 600 nm of 0.6, followed by induction of the expression of the fusion protein with isopropyl -d-1thiogalactopyranoside (IPTG; Invitrogen). IPTG was added to a final concentration of 1 mM and the culture was grown overnight at 16 C on an orbital shaker at 180 rev min À1 . Subsequently, the cells were harvested by centrifugation at 6000g for 20 min at 4 C (Sorvall Evolution RC, Thermo Scientific). The pellets were then resuspended in lysis buffer (50 mM Tris-HCl pH 8.0, 0.5 M NaCl, 0.5 mM MgCl 2 , 0.5 mM CaCl 2 ) and lysed by adding Novagen BugBuster at a 1:50 volume ratio. After 40 min of lysis at 4 C, the lysis solution was centrifuged at 6000g for 30 min at 4 C. The supernatant was loaded onto an Ni-NTA affinity chromatography column, which was then eluted with an imidazole gradient (10-500 mM) in 20 mM Tris-HCl pH 7.5 buffer. Fractions containing the fusion protein were combined and dialyzed against 20 mM Tris-HCl pH 8.0, 200 mM NaCl buffer overnight to remove the imidazole. TEV protease (1 mg per 8 g of cells) was added to the dialyzed solution to cleave the MBP at 4 C overnight. As a consequence of the introduced TEV cleavage site in the expression vector, the BbKI contained six extra glycine residues at the N-terminus. The MBP (containing a His tag) was removed by a second run on an Ni-NTA column. The flow-through containing BbKI was concentrated and further purified by size-exclusion chromatography (Superdex 75 HR 10/30 column; GE Healthcare) in 20 mM Tris-HCl pH 7.5, 0.2 M NaCl.
To prepare the complex of BbKI with trypsin, equimolar amounts of BbKI and bovine pancreatic trypsin (Sigma, catalog No. 8003) were mixed and incubated on ice for 1 h in 20 mM Tris pH 7.5, 0.2 M NaCl. The mixture was then applied onto a Superdex 75 column pre-equilibrated with the same buffer. Fractions of 1 ml volume were collected at a flow rate of 0.5 ml min À1 . The identity of the samples pooled from the different peaks was verified by SDS-PAGE. The fractions corresponding to the BbKI-trypsin complex were selected, concentrated to between 10 and 25 mg ml À1 and stored at À80 C for crystallization trials.
BbKI mutagenesis
A mutation of Leu55 to arginine was introduced into pZD263 using the QuikChange site-directed mutagenesis kit with the primers p359 (5 0 -CTCACCACCGTCCCGGTCGTC CGGTTAGATTTGAATCC-3 0 ) and p260 (5 0 -GGATTCA AATCTAACCGGACGACCGGGACGGTGGTGAG-3 0 ) to generate pZD264. The mutated gene for the L55R mutant of BbKI (BbKI L55R) was expressed and the resulting protein was purified using a procedure analogous to that used for native BbKI. The BbKI L55R-trypsin complex was prepared and purified using the same protocol as for native BbKI.
Enzyme-activity and inhibition assays
Proteolytic activities were measured using selective fluorogenic peptide substrates (Table 1) containing the fluorescent leaving groups 7-amino-4-methylcoumarin (Amc) or 7-amino-4-carbamoylmethylcoumarin (Acc). The reaction mixture included enzyme and substrate at the concentrations indicated in Table 1 , and 0.1 M Tris-HCl pH 8.0, 0.1% PEG 1500 containing 0.15 M NaCl (for most KLKs), 1 M NaCl (for KLK3) or 10 mM CaCl 2 (for trypsin and chymotrypsin). The kinetics of product release were continuously monitored using an Infinite M1000 microplate reader (Tecan) at excitation wavelengths of 360 or 380 nm and emission wavelengths of 465 or 460 nm for substrates with Amc or Acc groups, respectively. For inhibition measurements, the enzyme mixture was preincubated with the BbKI inhibitor (at up to 10 mM concentration) for 10 min followed by the addition of substrate. Reaction rates were obtained at various inhibitor concentrations, and IC 50 values were determined by nonlinear regression using the GraFit software (Erithacus Software). The K i values were calculated using the equation for competitive inhibition, K i = IC 50 /{1 + ([S]/K m )}; substrate concentrations [S] and K m values are presented in Table 1 (K m values were determined by nonlinear regression of substrate-dependent velocity curves or were obtained from literature data). Each measurement was performed in triplicate. The concentrations of the BbKI inhibitors and the substrates were determined by amino-acid analysis. Kallikreins were purchased from R&D Systems and were activated according to the manufacturer's protocol; other enzymes were from Sigma. Substrates were purchased from Bachem; Ac-KHLY-Acc was synthesized as described in Horn et al. (2018) .
Protein crystallization and X-ray data collection and processing
Two crystal forms of the BbKI-trypsin complex were grown. Monoclinic crystals (space group P2 1 ) were grown by the hanging-drop technique, starting from a protein sample concentrated to 21 mg ml À1 in 20 mM Tris, 0.2 M NaCl pH 7.5. The well solution contained 17.5% PEG 3350 at pH 8.0. Each 4 ml hanging drop consisted of 2 ml sample and 2 ml well solution and was equilibrated against 500 ml well solution. Crystals of the complex of the L55R mutant of BbKI with trypsin grew under the same conditions as the BbKI-trypsin crystals, with the only difference being that the starting sample concentration was 13 mg ml À1 . Hexagonal crystals of the BbKI-trypsin complex (space group P6 4 ) were grown by an analogous procedure, starting with a protein sample at 16.5 mg ml À1 concentration in the same buffer. However, the well solution contained 1.6 M ammonium sulfate pH 4.2. Each hanging drop consisted of 4 ml sample and 2 ml well solution and was equilibrated against 500 ml well solution.
Diffraction data were collected on the Southeast Regional Collaborative Access Team (SER-CAT) beamline 22-ID at the Advanced Photon Source, Argonne National Laboratory, USA. Single crystals were transferred to a cryoprotectant solution (mother liquor supplemented with 25% glycerol) for approximately 2 min and were then flash-cooled at 100 K in a stream of cold nitrogen gas. All three data sets were collected at a wavelength of 1.000 Å using a Rayonix 300HS detector. Diffraction data were indexed, integrated and scaled with HKL-2000 (Otwinowski & Minor, 1997) . Data-processing statistics are shown in Table 2 .
Structure determination and refinement
The structure of the hexagonal crystals of the BbKI L55Rtrypsin complex was solved first by molecular replacement using Phaser as search models to locate the six complexes present in the asymmetric unit. The structure was refined with REFMAC5 in CCP4 and was rebuilt with Coot (Emsley et al., 2010) . The crystals of the BbKI L55R-trypsin complex were isomorphous to those of native BbKI; thus, the former structure was directly used as a starting point for refinement of the latter structure with REFMAC5. A single BbKI L55R-trypsin complex was used as a search model to solve the structure of the BbKI-trypsin complex in the monoclinic space group, with a total of 44 complexes located within the asymmetric unit. The structure was subsequently refined with PHENIX (Adams et al., 2010).
Modeling of kallikrein complexes
A model of a complex of BbKI with human plasma kallikrein was built by superimposing the coordinates of the protease domain of the enzyme (PDB entry 5tjx; Li et al., 2017) on the trypsin molecule (A) in the BbKI L55R-trypsin complex. Complexes with human tissue kallikrein 4 (KLK4; PDB entry 4k8y; Riley et al., 2016) and kallikrein 7 (KLK7; PDB entry 2qxi; Debela et al., 2007) were modeled in an analogous manner. The coordinates of all three complexes were subjected to energy minimization of the contact region. For this, an all-atom version (including all of the hydrogens) was created for each assembly using the PSFGEN plugin for VMD v.1.9.1 (Humphrey et al., 1996) . All of the charged residues were set to their default dissociation states at neutral pH. For residues with two alternate locations in the original assemblies, only the second alternate conformation (i.e. conformation B) was included in the final structures for minimization. The disulfides that were present in the original structures were secured with explicit covalent bonds (Cys419-Cys435, Cys517-Cys584, Cys548-Cys563 and Cys574-Cys602 cross-links for PDB entry 5tjx, and Cys22-Cys157, Cys42-Cys58, Cys128-Cys232, Cys136-Cys201, Cys168-Cys182 and Cys191-Cys220 cross-links for PDB entries 4k8y and 2qxi). Only a narrow interfacial region (a 10 Å layer centered at the interface) was allowed to move and adjust during the minimization, i.e. all of the atoms at the interface within a 5 Å cutoff from any atom of the other contact partner. The rest of the system was fixed.
The energy minimizations were performed with the NAMD package (Phillips et al., 2005) using the CHARMM36 force field (MacKerell et al., 1998; Klauda et al., 2010) in a vacuum, using a conjugate energy-gradient algorithm with a 12 Å cutoff for noncovalent interactions. We performed 1000 steps of energy minimization, which was sufficient to resolve all of the steric conflicts.
Results and discussion
Crystallization of the complex of BbKI with bovine trypsin
The recombinant form of BbKI used to determine the structure of the free inhibitor (Zhou et al., 2015) included two serine residues at the N-terminus (residues 19 and 20 of the precursor; GenBank AAR01967.1). Although Ser19 of the precursor is most likely to be part of the signal peptide and is not present in the native form of the inhibitor, it was retained in the recombinant form owing to the way that the protein was cloned. Since this residue was well ordered in the crystal structure, it was previously retained in the numbering scheme and thus the reported sequence of BbKI started with Ser1-Ser2-Val3 . . . This numbering scheme for the residues is followed in this work and the 'native BbKI' referred to below has an extra Ser1 at its N-terminus.
Our initial crystallization experiments utilized the complex of native BbKI with trypsin at pH 7.5 and resulted in the growth of monoclinic crystals with a unit cell of very large volume (see below). An initial estimate was that at least 30 molecules of the complex could be present in the asymmetric unit, and all efforts to determine the structure by molecular replacement using the coordinates of BbKI (PDB entry 4zot) and bovine trypsin (PDB entry 5eg4) separately were unsuccessful. In a search for a different crystal form, we prepared the L55R mutant of BbKI and continued crystallization efforts using this version of the inhibitor.
Hexagonal crystals of the BbKI-trypsin complex
Hexagonal crystals of the BbKI-trypsin complex were initially grown at low pH using the L55R mutant and were 
is the observed intensity of the ith measurement of reflection hkl and hI(hkl)i is the average intensity of this reflection obtained from multiple observations. ‡ R = P hkl jF obs j À jF calc j = P hkl jF obs j, where F obs and F calc are the observed and calculated structure factors, respectively. R free is as defined in Brü nger (1992) . subsequently also grown, under the same conditions, utilizing the native inhibitor. The crystals of the former complex grew in the hexagonal space group P6 4 , with unit-cell parameters a = b = 207.30, c = 107.17 Å , and diffracted to beyond 2 Å resolution. Analysis of the Matthews parameter suggested the presence of six complexes in the asymmetric unit. The structure was solved by molecular replacement (see x2.5) and was refined with REFMAC5 ( Table 2 ). The electron density is clear and continuous for all molecules in the unit cell and the geometry of the model is acceptable. The isomorphous structure of the complex with native BbKI was subsequently solved by direct refinement starting with the coordinates of the complex of the L55R mutant. With the exception of the mutated residues, which were clearly visible in the electron density in both structures, no major differences are present between these two coordinate sets (r.m.s.d.s range between 0.14 and 0.17 Å when comparing C positions for each pair of the six molecules in the asymmetric unit). Since the structure of the L55R complex was determined at a slightly higher resolution and the differences between the six complexes in the asymmetric unit are minor, the coordinates of the complex consisting of molecule A of trypsin and molecule G of BbKI L55R (Fig. 1a ) will be used in all comparisons reported below. The r.m.s.d.s for the other complexes compared with AG are 0.17 Å (BH), 0.10 Å (CI), 0.17 Å (DJ), 0.05 Å (EK) and 0.17 Å (FL), justifying this choice.
The structures of both components of the complex are very similar to their counterparts in the available structures of the individual proteins. Superposition of the bovine trypsin molecule in the complex on the highest resolution structure of this enzyme (PDB entry 4i8h) yields an r.m.s.d. of 0.55 Å for all 223 C atoms. Deviations exceeding 1 Å are only found in three loops: 76-79, 96-98 and 114-117 (chymotrypsin numbering is used throughout). In many published structures of bovine trypsin, including that used in this comparison, loop 76-79 is stabilized by a calcium ion, but calcium was not present in the crystallization buffers used to obtain the crystals of the complex and the ions are replaced by putative water molecules. Attempts to soak calcium into crystals of the complex were unsuccessful and adding calcium chloride to the crystallization buffer did not yield any crystals. The reasons for this behavior are not known. Loop 114-117 is located on the surface of the protein and its conformation may be influenced by crystal contacts, whereas loop 96-98 is found at the interface between the enzyme and the inhibitor (see below) and thus its conformation may be influenced by the presence of intermolecular interactions.
Superposition The crystal structure of BbkI in complex with trypsin and as a free inhibitor. (a) A cartoon representation of one of the six BbKI-trypsin complexes [consisting of molecules A (trypsin, green) and G (BbKI L55R, yellow)] present in the monoclinic crystals. The side chain of the specificity-determining Arg64 in BbKI is shown as magenta sticks. Three major contact areas of interaction between the inhibitor and the enzyme are marked in identical colors (1, magenta; 2, cyan; 3, purple) in both molecules. For clarity, selected side chains are shown as sticks to delineate the most extended epitope 2. (b) Superposition of BbKI in bound (yellow) and free (blue) states. Arg64 is shown as sticks in both structures. The two most divergent loops at the interface between the inhibitor and the enzyme (82-84 and 128-131) are colored red. atoms of up to 3 Å . Two loops at the interface between the inhibitor and the enzyme (82-84 and 128-131) were also shifted by up to 2.8 Å (Fig. 1b) .
Monoclinic crystals of the BbKI-trypsin complex
The unit-cell parameters of this crystal form, a = 137.2, b = 483.9, c = 137.0 Å , = 116.8 , and systematic absences with k = 2n + 1 for 0k0 reflections point to the monoclinic space group P2 1 , but the close similarity in the lengths of the a and c unit-cell axes could potentially lead to orthorhombic symmetry and the C222 1 space group, or indicate the existence of pseudo-merohedral twinning. However, all of the symmetry and twinning tests performed with phenix.xtriage excluded these possibilities and it was therefore assumed that this crystal is indeed monoclinic and not twinned.
The unit-cell volume of this crystal form suggested the presence of a large number of independent molecules in the unit cell, but initially it was not clear exactly how many. Molecular-replacement runs with Phaser (McCoy et al., 2007), using the structure of the BbKI L55R-trypsin complex determined in this study (PDB entry 6dwf) first identified the positions of 22 complexes, but inspection of the molecular packing suggested that this was not a complete structure. Successive runs of Phaser eventually completed the structure, finding 44 complexes in the asymmetric unit of the cell. The structure was refined with the TLS option, with each of the 88 individual protein chains assigned as a separate TLS domain. The final refinement statistics are summarized in Table 2 .
The 44 heterodimers (trypsininhibitor complexes) are arranged in the cell in four columns running along four independent 2 1 axes at (0, y, 0), (0, y, 1 2 ), ( 1 2 , y, 0) and ( 1 2 , y, 1 2 ). Each pair of successive dimers along each column are rotated with respect to each other by about 114 on average. This corresponds to a full-turn rotation between the first and 23rd dimer, or 180 rotation between the first and 12th dimer along the column axis. Each column, therefore, is built by dimers arranged according to an approximate 22 7 screw axis, since 114 ' 7 Â (360 /22). Two views of the content of the asymmetric unit are shown in Fig. 2 .
Although some structures with as many as 60 molecules in an asymmetric unit are present in the PDB, they contain fewer biologically relevant units. For example, crystals of lumazine synthase (PDB entry 3mk3; Kumar et al., 2011) contain 60 protein molecules in the asymmetric unit but only one biological unit. Similarly, several proteins with as many as 48 molecules in the asymmetric unit contain fewer biological units; for example, DUTPase (PDB entry 4apz; García-Nafría et al., 2013) contains 16 trimers and ethanolamine-utilization microcompartment protein (PDB entry 3ia0; Tanaka et al., 2010) contains eight hexamers. As this particular crystal form of the BbKI-trypsin complex appears to be merely a crystallographic curiosity, it was not analyzed further.
Interactions between the inhibitor and the enzyme
Three major epitopes on BbKI, each comprising several loops, are involved in contacts with bovine trypsin. An overall view of the interface is shown in Fig. 1(a) . Contact areas within each epitope are marked in the same color in both the inhibitor and in trypsin. Details of the BbKI-trypsin contacts within each site can be seen in Fig. 3 .
The primary interactions (epitope 1 in Fig. 1a ) involve the so-called 'reactive loop' of the inhibitor (residues 61-66). The extensive interactions of Arg64, the key residue of the inhibitor that makes a strong ion pair with the carboxylate of Asp189 of trypsin, are of particular importance. The distance The packing of 44 independent BbKI-trypsin complexes in the monoclinic crystal. Each of the four helical columns of 11 complexes arranged along the four crystallographic 2 1 axes is presented in a different color, with the trypsin molecules in darker shades and the inhibitor molecules in paler shades. The unit cell is outlined in thin black lines. (a) The view along the length of the helical columns, i.e. along the monoclinic 2 1 axis. (b) The view perpendicular to the direction of the helices. electronic reprint between NH1 of Arg64 and OD1 of Asp189 is 2.9 Å , whereas the distance between Arg64 NH2 and Asp189 OD2 is 2.7 Å .
Other interactions of Arg64 include hydrogen bonds between Arg64 NH2 and Gly218 O (2.85 Å ), and between Arg64 NH1 and Ser190 OG (2.7 Å ). Hydrogen bonds between Arg64 O and Gly193 N (2.7 Å ), between Arg64 N and Ser214 O (3.05 Å ), and between Leu63 O and Gln192 NE2 (2.9 Å ), as well as between Pro62 O and Gly216 N (3.1 Å ), play crucial roles in positioning the main chain of the reactive loop in the active site of the enzyme and maximizing the interactions of the specificity-providing Arg64. Other interactions stabilizing the reactive loop involve putative hydrogen bonds between both OD1 and ND2 of Asn66 of BbKI and Tyr151 OH of trypsin.
A number of interactions outside the area of the reactive loop help to stabilize the complex and provide additional specificity. The guanidinium group of Arg129 of BbKI interacts with the side chain of Gln175 of trypsin, as well as with Asn97 O. Lys69 NZ and Tyr72 OH of BbKI are hydrogenbonded to the carbonyl oxygens of Tyr59 and His57 of trypsin, respectively, with the former residue making hydrogen bonds to both carbonyls (epitope 2 in Fig. 1a ).
The loops containing Ala16 and Asn66 in BbKI interact with trypsin as part of epitope 3 (Fig. 1a ). Additional nonpolar interactions involve a number of residues from both proteins and presumably contribute to the stability of the complex.
A comparison with the structures of trypsin complexes of related inhibitors
The crystal structures of trypsin complexes of four inhibitors related to BbKI have previously been published. They are soybean trypsin inhibitor (STI; PDB entry 1avw; Song & Suh, 1998) , tamarind Kunitz inhibitor (TKI; PDB entry 4an7; Patil et al., 2012) , Enterolobium contortisiliquum inhibitor (EcTI; PDB entry 4j2y; Zhou et al., 2013) and an engineered version of winged-bean chymotrypsin inhibitor (WCI) in which the specificity-determining Leu65 was mutated to an arginine (PDB entry 3veq; Majumder et al., 2012) . STI and TKI were complexed with porcine trypsin, whereas EcTI and WCI were complexed with bovine trypsin, similarly to BbKI. (Parenthetically, the trypsin sequence in PDB entry 3veq contains an error in identifying Ile118 as a valine, unlike in other structures involving cationic bovine trypsin; the electron density clearly supports the presence of isoleucine.) However, the differences between the source of trypsin used in the structural studies seem to be immaterial, since the r.m.s.d.s after superposition of the trypsin molecules of the complexes were 0.52, 0.53, 0.55 and 0.48 Å for all C atoms in the complexes with STI, TKI, EcTI and WCI, respectively. The reactive loops of the inhibitors in all five complexes adopt very similar conformations and superimpose very well when trypsin is used as a reference, although such trypsin-based superposition leads to comparatively large shifts in most of the inhibitor molecules. This happens despite the fact that the inhibitors superimpose quite well by themselves. of 145 C atoms of EcTI (sequence identity 34.5%) and 1.65 Å for the superposition of 148 C atoms of WCI (sequence identity 32.5%). In all of these comparisons we find very accurate overall superposition of the -sheets of the inhibitors, whereas many loops, including the reactive loops, are not well superimposed. The only way to keep the reactive loops superimposed is by rigid-body movement of the whole inhibitors in relation to the enzyme, thus affecting their interactions in areas distant from the active site. However, although rigid-body rotation has previously been invoked as a potential determinant of the secondary specificity of interaction (Zhou et al., 2013) , these adjustments of the quaternary structures may also be owing to crystal contacts, as suggested by the 7.25 rotation of STI in two high-resolution structures of the complex in different crystal forms (Song & Suh, 1998) . A major difference between BbKI and the other four inhibitors is observed in the orientation of the loop 80-83, which faces the enzyme in the former inhibitor and faces away in the latter inhibitors.
Inhibitory specificity of BbKI
We investigated the inhibitory specificity of BbKI using a panel of nine kallikreins of human and mouse origin, in addition to trypsin and chymotrypsin; the latter enzymes represent archetypal serine proteases from the S1 family. BbKI was screened using a kinetic activity assay and the inhibition constants K i were determined (Table 3 ). The results show that BbKI is a potent inhibitor of human kallikreins KLK4 (K i of $0.045 nM), KLK7 (K i of $0.18 nM) and plasma kallikrein (K i of $12.9 nM). In contrast, it displayed only weak inhibition of KLK5 and KLK14 (K i values of >0.5 and 5 mM, respectively) and no detectable inhibition of KLK2 and KLK3. The relative sensitivities of mouse KLK7 and KLK5 to BbKI inhibition were rather similar to those of their human orthologs. Furthermore, we compared the inhibitory profiles of both native BbKI and its L55R mutant, indicating that this substitution did not influence the binding properties to serine proteases in any significant way (Table 3) .
These results demonstrated that BbKI is able to effectively inhibit kallikreins with trypsin-like cleavage specificities (human plasma kallikrein and KLK4), as well as chymotrypsin-like enzymes (KLK7). This is in line with the inhibition of the archetypal proteases trypsin and chymotrypsin by BbKI (K i values of $0.2 and 33 nM, respectively). A versatile reactive-site loop with a basic P1 residue that is responsible for the inhibition of trypsin and also chymotrypsin has been proposed for the plant Kunitz inhibitor STI (De Vonis Bidlingmeyer et al., 1972) and was subsequently demonstrated crystallographically for the animal Kunitz inhibitor BPTI (Helland et al., 1999; Scheidig et al., 1997) . We provide evidence that BbKI is a highly potent inhibitor of human KLK4 that is effective in the low-picomolar range. To our knowledge, BbKI is one of the best natural proteinaceous inhibitors of KLK4 (and kallikreins in general) with the noncovalent, Laskowski mechanism of action. A similar inhibitory potency was reported for a rationally designed derivative of the sunflower trypsin inhibitor (SFTI) interacting with KLK4 (Swedberg et al., 2011) .
Modeling of the interactions between BbKI and selected kallikreins
A model of the complex between human plasma kallikrein (pKLK) and BbKI was built by superimposing the coordinates of pKLK refined at 1.4 Å resolution (PDB entry 5tjx; Li et al., 2017) on those of trypsin in the BbKI L55R-trypsin complex (r.m.s.d. of 1.11 Å for 205 C pairs). Unlike in the previous model of such a complex, which was based on the structure of free BbKI (Zhou et al., 2015) , in the new energy-minimized model the specificity-determining residue on the reactive loop of BbKI, Arg64, makes a strong ion pair with Asp572 of kallikrein ( Fig. 3a) .
Secondary contributions to the specific binding of BbKI to pKLK are provided by the interactions between Lys69 NZ and Tyr72 OH of BbKI with the carbonyl oxygens of His434 and Cys435 of pKLK, respectively. The interaction pattern for the residues that follow is unique to pKLK, owing to an insertion in the main chain of this enzyme. This is an area in which the structures of trypsin and pKLK diverge significantly (Fig. 3b) . Several other specific interactions between BbKI and pKLK are seen in the modeled complex. Strong chargecharge interactions are formed between Arg129 of BbKI and Glu479 of pKLK. Also, Arg129 NH1 is hydrogen-bonded to Tyr555 OH of pKLK (Fig. 3b) .
In the pKLK-BbKI complex the loop containing residues 81-82 becomes part of epitope 3 of the interface. Ser81 and Ser82 in BbKI interact extensively with the side chain of Lys528 of pKLK (Fig. 3c) . The hydroxyl group of Ser82 is hydrogen-bonded to Lys528, whereas the C atoms of both Ser81 and Ser82 make hydrophobic contacts with this residue in pKLK. This loop does not make similar contacts with trypsin. Some other interactions include an ion pair between Lys106 of BbKI and Glu600 of pKLK in another contact area. Close to the specificity-defining Arg64, Asn66 of BbKI is hydrogen-bonded to the guanidinium group of Arg416 in Table 3 Inhibitory potencies of wild-type BbKI and its mutant (BbKI L55R) against various kallikreins and archetypal proteases from the S1 family. n.s.i. indicates that no significant inhibition was observed with 10 mM inhibitor. pKLK, as well as to a carbonyl oxygen of Leu418. The latter interaction is unique to this complex, since the counterpart of Arg416 in pKLK is Tyr39 in trypsin.
Since the inhibitory properties of BbKI evaluated with a panel of kallikreins were shown to be best for human KLK4, a model of a complex between KLK4 and BbKI was prepared in a manner analogous to the model of a complex of pKLK by superimposing the published atomic resolution model of KLK4 (PDB entry 4k8y; Riley et al., 2016) on the coordinates of trypsin in the BbKI-trypsin complex (r.m.s.d. of 1.09 Å for 215 C pairs). Comparative analysis of the interactions of BbKI in the experimental structure of the complex with trypsin and in the model of the complex with KLK4 does not provide clear justification for the much higher inhibitory potency of BbKI towards KLK4. The interactions of the P1 Arg64 of the inhibitor with part of the primary binding pocket comprising residues 189-190, as well as residues 216-218, seem to be very similar for trypsin and KLK4. However, loop 216-222 in KLK4 and several other kallikreins, such as KLK2, KLK3, KLK5, KLK7 and KLK14, adopts a different conformation owing to the presence of the Pro218A insertion in this protein region (Figs. 4 and 5a) . The changes in the conformation do not affect the formation of the specificity-determining ion pair between Arg64 of BbKI and Asp189 of the enzyme. The insertion of Pro218A changes the conformation of this loop in a similar way, creating an identical pattern of BbKI-kallikrein interactions in all of these enzymes (Figs. 5a and  6a) . Kallikreins that contain a Pro218A insertion gain additional hydrophobic contacts with the loop in BbKI that carries Ser82, placing this loop within epitope 1 of the interface (Fig. 5a ). Three other segments of BbKI, one containing Val3 and another containing Lys69 and Tyr72, as well as the loop that includes Arg129 and Gly130, consistently maintain contacts with the corresponding fragments comprising residues 56-60, 95-98 and 175 in trypsin, KLK4 and all other kallikreins. Only two hydrogen bonds, which include that between Lys69 NZ in BbKI and Tyr59 O in trypsin, as well as that between the hydroxyl of Tyr72 OH in BbKI and the carbonyl oxygen of His57, are conserved in all modeled kallikrein complexes (Fig. 5b) . The other interactions vary in the different complexes. The hydrogen bond between Arg129 in BbKI and Gln175 in trypsin is not present in the complexes with KLK4 owing to the substitution Q175L.
In the absence of an experimental structure, very little can be said about inhibitor interactions with residues 96-98 in KLK4. The structure of KLK4, which was used for modeling (PDB entry 4k8y), includes the bound inhibitor SFTI-1. Loop 96-98 in this complex adopts a different conformation to that in trypsin, KLK5, KLK7 and pKLK. Structure-based alignment of the amino-acid sequences of trypsin, chymotrypsin and selected kallikreins.
It interacts with the bulky side chain of Phe12 of SFTI-1 and is also involved in crystal contacts with its counterpart from a symmetry-related molecule. As a result, the tip of the loop is shifted to a different position (Fig. 5b) . Therefore, the contact area for this loop in the complex with BbKI could not be properly modeled.
The BbKI loop containing residues Ser81-Ser82, as well as two loops that include Asn66 and Ala16, respectively, make almost no contacts with the fragment of KLK4 comprising residues 147-152, whereas a corresponding fragment in KLK5 makes several interactions with the same loops (Fig. 5c) , although BbKI is a very weak inhibitor of KLK5 (Table 3) .
Whereas pKLK and KLK4 are trypsin-like enzymes, KLK7 is chymotrypsin-like; thus, the reasons for the potent inhibitory activity of BbKI against this enzyme were not obvious. A model of a complex between KLK7 and BbKI was prepared in a manner analogous to the model of the complex with pKLK by superimposing the published atomic resolution model of KLK7 (PDB entry 2qxi; Debela et al., 2007) on the coordinates of trypsin in the BbKI-trypsin complex (r.m.s.d. of 1.14 Å for 218 C pairs). A crucial difference between the KLK7 on one hand and trypsin and some other kallikreins on the other is the presence of Asn in place of Asp189 (or Ser189 in chymotrypsin and KLK3). Both carboxyl oxygens of Asp189 in trypsin and other kallikreins are hydrogen-bonded to NH1 and NH2 of Arg64 of BbKI. In KLK7 only Asn189 OD1 is the acceptor of a hydrogen bond from Arg64 NH1, in addition to an intramolecular hydrogen bond provided by Gly220 N. Asn189 ND2 is stabilized by an intramolecular hydrogen bond to Lys188 O. Other interactions of Arg64 observed in the structure of the BbKI-trypsin complex include hydrogen bonds between Arg64 NH1 and Ser190 OG (2.73 Å ) and between Arg64 NH2 and Gly218 O (2.85 Å ). Both interactions are not preserved in the KLK7 complex owing to the presence of Ala190 in the place of serine, as well as the insertion of a proline residue at position 218A that changes the conformation of the loop around it (Fig. 6a) . The same insertion is also found in KLK4, KLK5, KLK2 and KLK3, with Arg218A present in KLK14. The conformational changes induced by this insertion are very similar in all compared kallikreins, leading to the loss of a hydrogen bond between Arg64 NH2 and Gly218 O, while gaining hydrophobic interactions between the side chains of the inserted proline and Ser82 (Fig. 6a ).
Substitution of Ser190 by alanine combined with a change of Asp189 to Asn reorients the side chain of Arg64, leading to dramatic changes in the network of interactions of the guanidinium group of Arg64 with KLK7 ( Fig. 6a ). An extensive network of interactions involving the NH1, NH2 and NE atoms of Arg64 with different counterparts in the enzyme might contribute to the high inhibitory potency of BbKI against KLK7.
The fact that the changes of the orientation of Arg64 in the KLK7 complex are directly connected to the substitutions D189N and S190A, and not to the Pro218A insertion, is supported by a comparison with KLK4. While the same insertion of a proline residue is present in KLK4 as in KLK7, Asp189 and Ser190 are not replaced. Fig. 5 (a) very clearly shows the same orientation and a very similar interaction pattern of Arg64 of BbKI in the complexes with KLK4 and trypsin, whereas the orientation of Arg64 is different in the complex with KLK7 (Fig. 6a) . The inhibition constants for these two enzymes are also very similar.
The interactions between the loop in BbKI containing Lys69 and Tyr72 do not change much in the complex with KLK7, whereas the longer side chain of Gln97 enables a much better interaction pattern with Arg129 in KLK7 than in trypsin. Numerous contacts that include hydrophobic interactions, as well as hydrogen bonds, may compensate for the loss of contacts with Val3 and Leu175 in KLK7 (Fig. 6b) .
Three loops in BbKI, containing Ser81-Ser82, Asn66 and Ala16, respectively, make more extensive interactions with KLK7 than with trypsin ( Fig. 6c) . Although a strong hydrogen bond between Asn66 and Tyr151 in the trypsin complex is not present in the KLK7 complex owing to substitution by Phe151, the hydrophobic contacts between these residues still remain. An extra hydrogen bond is formed between the carbonyl oxygen of Pro147 and the hydroxyl of Ser81, and several hydrophobic contacts are made between Pro147 and Ser81-Ser82 (Fig. 6c ). These interactions appear to be present in all kallikreins that simultaneously contain a proline insertion (Pro218A) and Pro147 in the corresponding loop. In these complexes the loop containing Ser82 will simultaneously contribute to epitopes 1 and 3 of the interface.
The loops that contain Pro147 and Pro218A are located just above the entrance to the specific P1 pocket of the enzyme. The interactions of the Ser81-Ser82 loop of the inhibitor with these two loops in KLK7 may reduce their mobility and thus facilitate docking of the side chain of Arg64 in the primary recognition pocket (Fig. 7) .
Structural basis for the lack of inhibition of several other kallikreins
As seen in Table 3 , BbKI shows only very low (if any) inhibitory potency against KLK5 and KLK14, whereas it does not inhibit KLK2 and KLK3 at all. To justify the lack of inhibition in structural terms, the available structure of human KLK5 (PDB entry 2psx) was superimposed on trypsin in complex with BbKI in order to examine the differences in the enzyme-inhibitor interactions compared with the trypsin complex.
In the complex with trypsin, Arg64, the specificitydetermining P1 basic residue on the reactive loop of BbKI, contacts Asp189 and Ser190, and is hydrogen-bonded to the carbonyl oxygen of Gly218. The latter interaction is most likely not present in KLK5 and KLK14 owing to the insertion of Pro218A in the former and Arg218A in the latter that changes the conformation of the main chain of the enzyme around this residue (Fig. 8a) KLK4 and KLK7. Two other interactions might be lost in KLK5 owing to the substitution of Asn97 (trypsin) by Pro97 (a hydrogen bond between the carbonyl oxygen of Asn97 and NE of Arg129 in BbKI, as well as a hydrophobic contact between the CG atom of Asn97 and the C atom of Gly130; Fig. 8b ). In addition, the bridging interactions between the side chain of Arg129 in BbKI and two loops, 174-175 and 96-97 in trypsin, will most likely be lost in the complex with KLK5 (Fig. 8b) .
Close contacts occurred between the loop containing Ser80-Ser81 in BbKI and the two loops in KLK5 containing Pro147 (<2 Å ) and Tyr218 ($1.5 Å ) ( Fig. 9a ) that may contribute to the lack of inhibition. In addition, a strong hydrogen bond between Asn66 in BbKI and Tyr151 in trypsin (2.5 Å ) cannot be present in the complex with KLK5 owing to the Y151F substitution. Structural basis for the lack of inhibition of KLK2 and KLK3. (a) Extensive clashes of Glu218 in KLK2 and KLK3 with the loop containing Ser61 in BbKI may contribute to the lack of inhibition, in a manner similar to the conflict between Tyr218 in KLK5 and the Ser81-Ser82 loop in BbKI. (b) The large insertion in the loop 94-100 in both enzymes leads to collision with several loops in BbKI, leading to the inability of BbKI to inhibit KLK2 and KLK3.
Figure 7
Hydrophobic interactions of Ser81-Ser82 of the inhibitor with two loops in kallikreins simultaneously containing Pro147 and Pro218A.
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We attribute the complete inability of BbKI to inhibit KLK2 and KLK3 predominantly to the large insertion in the loop 94-100 in both enzymes (Fig. 9b) , which leads to severe collisions and overlaps with several loops in BbKI (Fig. 9b ). In particular, two points of collision are found in the vicinity of residues 62 and 71 in BbKI, which are part of the loop that includes the P1 Arg64.
The side chain of Glu218 in the loop that includes the Pro218A insertion in KLK2 and KLK3 collides with the loop containing Ser61 in BbKI in a manner similar to Tyr218 in KLK5 described above (Fig. 9a ). There appears to be fairly good correlation between the size of the side chain of residue 218 and the potency of the inhibitor (Table 3 ).
Conclusions
BbKI is a plant-derived inhibitor of various proteolytic enzymes. In particular, it is a potent inhibitor of plasma kallikrein and several tissue kallikreins, towards which it exhibits various levels of inhibitory activity. Whereas BbKI is indeed the most potent inhibitor of some enzymes from this family among all proteinaceous inhibitors studied to date, it is not particularly specific and its activity towards some tissue kallikreins is fairly low or totally absent. Although BbKI is called a 'kallikrein inhibitor', it is also active against both trypsin and chymotrypsin.
In this study, we determined a high-resolution structure of the complex of BbKI and trypsin. The structure allowed the mapping of three major interfaces between the enzyme and the inhibitor. Based on this structure, we constructed models of the complexes of several kallikreins with BbKI, evaluating the structural basis of the inhibition of these enzymes, as well as the lack of inhibition of some other members of the family. The models revealed some areas of the enzymes that are important determinants of the potency of inhibition. Substitutions in the enzymes in the specificity-determining pocket that accommodates the P1 Arg64 modify the network of interactions in this area. Another important interface maintains the interactions with the loop in BbKI carrying Ser81-Ser82. As an example, interactions in these two areas act in a concerted way in KLK7, enhancing the inhibition potency of BbKI for this chymotrypsin-like enzyme.
Kallikreins have been found to be important in the progression and metastasis of various types of cancer, and their activity is also associated with other diseases, making them important targets for investigation. The crystal structure of the complex of BbKI with trypsin and the modeling of its interactions with selected kallikreins for which experimental structures are available allowed us to analyze the structural basis of its inhibition of this important family of serine proteases. Differences in the inhibitor-enzyme interactions in the corresponding sites can provide insight into the specificity of individual kallikreins. Comparative analysis of such structural data combined with inhibitory measurements might guide us in the design of a more potent and specific inhibitor targeting a particular kallikrein.
